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INTRODUCTION
The direct observation of the top quark in 1995 [1] was not a big surprise since the b quark is expected to have a isospin partner to insure the viability of the Standard Model. What was surprising at the time of the discovery was its large mass, almost 35 times the mass of the b quark. The top quark mass is a fundamental parameter of the Standard Model, and plays an important role in the the precise prediction of electroweak observables like the Higgs boson mass. Indeed, the radiative corrections of many electroweak observables are dominated by the large top quark mass. Furthermore, a large value of the top quark mass indicates a strong Yukawa coupling to Higgs, and could be a sign for a special role of the top quark in the understanding of electroweak symmetry breaking [2] . Thus, a precise measurement of the top quark mass provides a crucial test of the consistency of the Standard Model and could help constraining physics beyond the Standard Model. In this paper, we report on a measurement of the top quark mass with the CDF-II detector, using the data sample from March 2002 to August 2004 runs, corresponding to a total integrated luminosity of 318 pb −1 data.
At the Tevatron, top quarks are produced primarily as top pairs and decay to W bosons and b quarks nearly 100% of the time within the Standard Model. Then, the W bosons can decay into lepton-neutrino (lν) or quark pairs (qq). In this measurement, we use the lepton + jet channel of tt candidates in which only one of two W bosons decays to lν while the other decays to quark pairs.
This analysis uses the CDF detector to identify and reconstruct the tt events. CDF is a multipurpose collider detector made of silicon detectors near the interaction point to measure the primary vertex position and provide highefficiency b-tagging. The next detector in increasing radius from the beamline is the Central Outer Tracker (COT), an open-cell drift chamber that provides high precision charged particles tracking. The CDF tracking system is embedded in a superconducting solenoid that provides a uniform magnetic field of 1.4 T. Behind the solenoid there are located electromagnetic and hadronic sampling calorimeters that have the primary task to detect electrons, photons and jets as well as to measure the transverse missing energy ( E T ) induced by the presence of neutrinos. The muon identification is performed by a set of detectors located behind the calorimeters that are made of wire chambers and layers of steel. A complete description of the CDF detector is provided elsewhere [3] .
EVENT SELECTION
The lepton+jets events are selected by requiring a one well-identified electron or muon, large ( E T ) due to the neutrino from the W decay and at least four jets in the final state. Electron candidates are identified as a high-momentum track in the tracking system matched to an electromagnetic cluster reconstructed in the calorimeters with E T > 20 GeV. The shower lateral and longitudinal profile of the cluster is required to be consistent with the one of an electromagnetic shower. Muon candidates are reconstructed as high-momentum track with p T > > 20 GeV/c with matching hits in the muon chambers. The missing transverse energy is measured by the imbalance in the calorimeter transverse energy and is required to be greater than 20 GeV. Jets are reconstructed with the JETCLU cone algorithm with a radius R = η 2 + φ 2 = 0.4. At least 4 jets are required with the jet E T requirement depending on the event category as described below. A final requirement is applied only for the top quark mass reconstruction: the minimized χ 2 value from the kinematic fit described in Sec. 4 is required to be < 9. This requirement is not applied for the W boson mass reconstruction since it reduces the sensitivity of this observable to the jet energy scale.
To improve the statistical power of the method, the lepton + jets sample is divided into four subsamples with various sensitivity to the top quark mass. First the events are separated based on the number of jets that are b-tagged in the event. The SECVTX algorithm [5] based on the identification of secondary vertices inside jets is used to tagged b-jets. Events with 2-,1-and 0-tag are considered separately. Indeed, events with increasing number of b-tags have better mass resolution (as described in Sec. 4) and lower background contamination (as described in Sec. 6). Furthermore, events with 1-tag are separated based on the 4th jet E T threshold. Events in the 1-tag(T) category have 4 jets with E T > 15 GeV, while events in the 1-tag(L) category have 3 jets with E T > 15 GeV and the 4th jet with 8 < E T < 15 GeV. Events in the 1-tag(T) sample are less contaminated by background. Table 1 describes the four subsamples with their expected signal to background ratio and the number of events observed in data (before and after the χ 2 cut). Table 1 . Jet E T cut and b-tagging requirement for the 4 event categories. Also is shown the expected signal to background ratio (S:B) for each subsample as well as the number of events observed in data before and after the χ 2 cut. Note that there is no background estimate yet available for the 0-tag subsample, so the a priori S:B is unknown for that category 
JET ENERGY SCALE UNCERTAINTY
We describe in this section the a priori determination of the jet energy scale uncertainty by CDF that is used later in this analysis. There are many sources of uncertainties related to jet energy scale in CDF, i.e., uncertainties in the modeling of the jet response in the Monte Carlo simulation:
• Relative response of the calorimeters as a function of pseudorapidity with respect to the central calorimeter.
• Single particle response with the calorimeters.
• Fragmentation of jets.
• Modeling of the underlying event energy.
• Amount of energy deposited out-of-cone. The uncertainties of each sources are evaluated separately as a function of the jet p T (and η for the first uncertainty in the list above). Their contributions are shown in Fig. 1 for the region 0.2 < η < 0.6. The black lines show the sum in quadrature of each contributions. This ±1σ total uncertainty on the jet energy scale is used as the unit of jet energy scale in this analysis. For instance, the templates of reconstructed top quark mass m reco 
TOP QUARK MASS RECONSTRUCTION
For each lepton + jet event, an invariant mass of the top quark is reconstructed from the top decay products (lepton candidate, four highest E T jets and missing transverse energy) using a χ 2 kinematic fit. Reconstructed top quark mass distributions are produced using HERWIG [4] Monte Carlo events for various true top quark mass and jet energy scale hypothesis. They are called top quark mass templates. These distributions have a strong dependence on the true top quark mass that is then extracted by comparing the reconstructed top quark mass distribution in the data with the various templates using a maximum likelihood fit (described in Sec. 8). As discussed in more details in the following section, templates of the W boson dijet mass are also considered.
The χ 2 kinematic fit is based on the hypothesis that the event of study is signal. The measured three-momenta of the lepton, two b-jets and two light quark jets are inputs to the χ 2 fit. The measured momenta of final state particles are further corrected with respect to the event selections such that they correspond as closely as possible to the momenta of the particles directly arising from the top quark decays. The muon momentum is corrected for the residual misalignment of the COT. Jets have their energy corrected for the non-linear response of single hadronic particles in the CDF calorimeters, energy deposited out of the cone and underlying event energy contributions inside the cone. In addition, flavor specific corrections are applied separately for light quark jets and b-jets. These corrections use the information of the p T spectrum shape of jets in tt events and are p T -and η-dependent. The top-specific corrections are constructed such that after all corrections the average jet energy corresponds to the one of the parton that initiated the jet. The unclustered energy represents all the transverse energy in the event that is not due to the lepton or jets in the final state. The transverse energy of the neutrino is defined as the negative sum of the lepton, jets, and unclustered transverse energies.
The χ 2 expression to be minimized is as follows:
where σ l and σ jet correspond to resolutions of the lepton and four leading jets, and p UE x,y and σ x,y are the x and y components of the unclustered energy and resolution, respectively. The t and t masses are constrained to be same, and the two W masses are both constrained to be the PDG value of M W = 80.42 GeV. The reconstructed mass m reco t is extracted from the χ 2 fit. The fit above assumes the knowledge that a given jet comes from a b-quark or a W -daughter quark in the final state. This knowledge is not available in principle, and thus one has to try all 12 possible jet-parton assignments. The number of combinations is reduced if one of the four highest E T jet is b-tagged; it is then automatically assigned to a b-quark in the fitter. The number of jet-parton assignment is reduced to 6 and 2 when 1-and 2-tag are available, respectively. Masses of 5 GeV/c 2 and 0.5 GeV/c 2 are assigned to the four-vectors of b-jets and W -daughter jets, respectively. There is an additional combination due to the 2 solutions for the p z of the neutrino arising from solving a quadratic equation. After minimization of the χ 2 expression, the m reco t corresponding to the combination that yields the lowest χ 2 is considered the reconstructed top quark mass for that event. An additional requirement of χ 2 min < 9 is found to give the best expected statistical uncertainty on the top mass (which is effective to reject badly reconstructed tt events or backgrounds events). The efficiency for that cut decreases with the number of b-tags (since the number of available combinations is reduced) and ranges from 65% (38%) for 2-tag events to 91% (83%) for 0-tag events for signal (background) events. The number of events observed after the χ 2 cut are given in Table 1 .
A typical reconstructed top mass distribution for signal Monte Carlo (for M top = 178 GeV/c 2 , JES = 0) is shown in Figure 2 . The blue histogram in the same figure shows the case for the correct jet-parton assignment. The fraction of correct assignments increases with the number of b-tags as expected. Since the resolution of the reconstructed mass is dominated by the incorrect combinations, the m reco t resolution improves with the number of b-tags. 
W BOSON MASS RECONSTRUCTION
The dijet mass from hadronic W boson decay m jj is sensitive to the jet energy scale but is relatively insensitive to the true top quark mass. It can thus be used to determine fully in situ the jet energy scale with little uncertainty on M top . In this analysis, the jet energy scale is determined using both the m jj templates and the a priori determination of JES described in Sec. 3. The combination of both estimates provides an optimal constraint on this parameter. The same jet corrections described in Sec. 4 are applied to reconstruct m jj . However, no χ 2 fitter is used and m jj is simply reconstructed from the measured three-momenta of jets. A similar combinatorics problem to the m reco t reconstruction exists and is dealt with by considering all jet-parton assignments made of the four-highest E T jets that are not b-tagged. Consequently, there can be more than one mass per event that are considered. There are in fact 1, 3, and 6 m jj per event for the 2-tag, 1-tag and 0-tag subsamples, respectively. This reconstruction technique has been developed to optimize the sensitivity of m jj to JES. A typical distribution of m jj are shown in Fig. 3 for each event category (for M top = 178 GeV/c 2 , JES = 0). 
BACKGROUND CONTAMINATION
In the tagged lepton + jets samples, the size of backgrounds is small due to the requirement of one b-jet. Most of the background comes from W boson production associated with real heavy flavor jets, or associated jets with a misidentified b-jet (mistags), and QCD backgrounds due to fake leptons. The expected number of background events is shown in Table 2 . There exists currently no quantitative Background templates for the W + jets with heavy flavor production and mistag cases are reconstructed using the ALPGEN [7] Monte Carlo samples. The mass template from QCD backgrounds with a fake lepton (extracted from the non-isolated lepton data) shows a very similar shape to the W + jet Monte Carlo (mistag) template. Thus, the mistag template is also used for the QCD background template. The combined m reco t and m jj background templates are shown respectively in Figs. 5 and 6, as is the fitted curve to the template. Note that probability density functions for background events do not depend on M top and JES [9] 1 ) .
LIKELIHOOD
The reconstructed mass distributions from data are compared to the signal and background templates using an unbinned likelihood fit. The likelihood involves parameters for the expectation values of the number of signal and background events in each subsample, and for the true top quark pole mass and jet energy scale. For each subsample, the likelihood is given by:
where
The most information on the true top quark mass is provided by the products in L m reco t shape , the ith term of which gives the probability of observing the ith data 1 ) The dependence of the background templates to JES is very small and has been shown to have a negligible impact on the fitted top quark mass. event with reconstructed mass m i , given the background template, P b (m i ), and the signal template with a true top quark mass of M top and energy scale shift JES, P s (m i ; M top , JES). The third term represents the information arising from the number of signal and background events in the top quark mass and dijet mass samples, which are correlated. We denote the number of expected signal and background events in the W → jj sample, n W s and n W b , respectively. The expected numbers of signal and background events in the m reco 
where the simplification arises because by definition the measured shift in energy scale, JES exp = 0 and the uncertainty σ JES = 1.0. The total likelihood is given by the product of the likelihoods for the four subsamples and the jet energy scale constraint:
The true top quark mass M top and jet energy scale JES are shared between the four likelihoods and are free parameters in the fit. The likelihood is maximized with respect to all ten parameters (n s and n b for four subsamples, JES, and M top ). The likelihood procedure is tested by performing pseudo-experiments in which for the pseudo-data the m reco t and m jj are generated randomly from the Monte Carlo distributions corresponding to various values M top and JES. In Fig. 7 are shown the mean and width of the pull distributions for various values of M top and JES. The central values and uncertainties are well behaved for large Fig. 7 . The mean (top) and width (bottom) of pull distributions from sets of 2500 pseudoexperiments are shown. On the left, the jet energy scale is fixed at its nominal value, and the generated top quark mass is varied from 150 GeV/c 2 to 210 GeV/c 2 . On the right, the top quark mass is fixed at 175 GeV/c 2 , and the input jet energy scale is varied from −3σ to +3σ. The error bars come mostly from the limited statistics of the Monte Carlo samples from which the pseudo-data is taken ranges of M top and JES. The pull width as a function of M top are slightly larger than one: 1.027. The uncertainties obtained in the data are scaled by that factor to guarantee 68% coverage of the 1σ uncertainties. The mean of the pull distributions are modestly biased on average (−0.3 GeV/c 2 ) and this value is included as a systematic uncertainty (see Sec. 10).
RESULTS
The likelihood procedure is then applied to the data events. The result is a top quark mass of 173.5 Table 3 . The input constraints and fitted values are given for all free parameters in the combined likelihood fit 
The uncertainty on M top from the likelihood fit is a combination of the statistical uncertainty in extracting a measurement of M top and the systematic uncertainty due to allowed variations of JES. It is possible to get an idea of the size of each contribution. Fixing JES to its fitted value of −0.10σ and fitting for M top alone yields a top quark mass measurement of 173.5 +2.7 −2.6 (stat. + JES) GeV/c 2 , corresponding to the pure statistical uncertainty. Subtracting this uncertainty in quadrature from the full uncertainty gives an M top uncertainty due to the jet energy scale of ±2.5 GeV/c 2 .
The input constraints and fit results for the combined fit are given in Table 3 . Figure 9 shows the consistency of the reconstructed top quark mass distribution in each subsample with the combined fit results, while Fig. 10 shows the same for the m jj distributions. Fig. 9 . The reconstructed top quark mass distribution for each subsample is shown overlaid with the expected distribution using the top mass, jet energy scale, signal normalization, and background normalization from the combined fit Fig. 10 . The reconstructed dijet mass distribution for each subsample is shown overlaid with the expected distribution using the top mass, jet energy scale, signal normalization, and background normalization from the combined fit A set of pseudo-experiments is generated with a true top quark mass of 172.5 GeV/c 2 and the nominal jet energy scale (both close to the central value from the fit) and with the number of events in each subsample equal to the number observed in our data. In Fig. 11 , the positive and negative uncertainties from the likelihood fits are plotted. Arrows indicate the uncertainties from the fit to the data. Although smaller than the median uncertainties from the pseudoexperiments, the uncertainties on the data are reasonable. We have also performed a traditional template analysis in which only m reco t templates are considered and the JES is not a parameter of the fit (onedimensional template analysis). This constitutes a good cross-check since that technique has been widely used in the past, for instance for the Run I CDF publication [6] . The resulting fitted M top is 173.2 ± 2.9 2.8 (stat.) GeV/c 2 , is in very good agreement with the primary result. The jet energy scale uncertainties have been estimated for that analysis from the CDF prior determination and yield 3.1 GeV/c 2 . This is 20% larger than for the primary result (2.5 GeV/c 2 ), therefore demonstrating the usefulness of the W → jj calibration already with the current dataset.
SYSTEMATIC UNCERTAINTIES
Various sources of uncertainties are considered for this measurement, apart from the jet energy scale that is given from the fit. The estimate of the jet energy scale from a priori information (described in Sec. 3) and from W → jj decays do not give direct information on the b-jets energy scale. The b-jets can behave differently than gluon and light quark jets because of their different fragmentation models, more abundant semileptonic decays and different color flow in tt events than W -daughter jets. We find that the uncertainties due the unique features of the b-jet are quite small, only 0.6 GeV/c 2 in total, thus most of the b-jet uncertainty is due to uncertainties from generic jet energy scale that is determined in this analysis from the a priori calculation and W → jj decays.
A method uncertainty of 0.5 GeV/c 2 is included to account for the small average bias in the mean of the M top pull distributions (see Sec. 8) and for the fact that a constant JES factor is used to create the templates [10] 1 ) .
The initial and final state gluon radiation is estimated by studying the transverse momentum of Drell-Yan events and extrapolating the results to the Q 2 of a tt event. Uncertainties of 0.4 GeV/c 2 and 0.6 GeV/c 2 are estimated for the initial and final state radiation, respectively. The uncertainties in the parton distribution functions (PDF) are estimated by using different PDF sets (CTEQ5L vs MRST72), different values of Λ QCD and varying the eigenvectors of the CTEQ6M set, yielding a total uncertainty of 0.3 GeV/c 2 . The difference in fitted M top for mass distributions constructed using the Pythia [8] and HERWIG generators is evaluated to be 0.2 GeV/c 2 and is taken as a generator uncertainty. The uncertainties in the background mass shape is dominated by the Q 2 scale used in the generation of W + jets events. ALPGEN samples with various
, and M 2 W + P 2 T W ) are used to extract different background mass templates that introduce an uncertainty of 0.4 GeV/c 2 . A second, smaller contribution to this uncertainty is estimated by performing sets of pseudo-experiments in which background events are drawn not from the combined background template but from templates for one of the individual background processes, including the templates derived from QCD-enriched data. These uncertainties are estimated to be 0.3 GeV/c 2 .
The uncertainty in the MC modeling of the b-tagging efficiency as a function of jet p T is evaluated to be 0.1 GeV/c 2 . Finally, the uncertainty from the limited statistics available to create the Monte Carlo templates is evaluated to be 0.3 GeV/c 2 .
The summary of the systematic uncertainties is given in Table 4 . Also in Table 4 are shown the uncertainties on the fitted JES and for the traditional one-dimensional template analysis that is used as a cross-check. The uncertainties are assumed uncorrelated and added in quadrature to yield 1.3 GeV/c 2 for the primary analysis.
CONCLUSION
We have measured the top quark mass to be 173.5 ± 2.7 2.6 (stat.) ± ±2.8 (syst.) GeV/c 2 , or equivalently M top = 173.5 ± 3.9 3.8 GeV/c 2 using 318 pb −1 of data collected by the CDF detector. The lepton + jets final state has been studied and a template technique employed to extract M top . The dominant systematic uncertainty, the jet energy scale, has been reduced by using the in situ information from W → jj decays. Two-dimensional templates of the reconstructed top quark and hadronic W boson mass have been used to extract simultaneously the true top quark mass and the jet energy scale. This two-dimensional analysis is used to take into account the correlations between The projection of the CDF-II Technical Design Report [3] is indicated by a star these two parameters. Cross-checks of the primary result have been performed, including a one-dimensional analysis similar to the Run I analysis [6] , and yield consistent results.
We note that the jet energy scale uncertainty is expected to improve as more data is available to perform the W → jj calibration. Figure 12 shows the jet energy scale uncertainty using only the W → jj information as a function of integrated luminosity. We can expect a JES uncertainty in the top quark mass measurement of approximately 1 GeV/c 2 by the end of Run II. The projected total M top uncertainty is shown in Fig. 13 as a function of integrated luminosity for Run II where the systematic uncertainties apart from JES are constant and equal to the current estimate (1.3 GeV/c 2 ). We note that this conservative estimate yields a better uncertainty than for the M top uncertainty of 3 GeV/c 2 for all channels projected in the CDF-II Technical Design Report [3] with L = ∈ fb −1 (indicated on the plot). Our projection predicts that a top quark mass uncertainty of 2 GeV/c 2 or better can be achieved by the end of Run II (≈ 4−8 fb −1 ) only for one analysis in the lepton + jets channel.
